Background: Heat shock protein 12 (Hsp12) is produced in response to stress. Results: We determined structures of Hsp12 in aqueous solution and in the presence of dodecylphosphocholine (DPC) and SDS micelles. Conclusion: Hsp12 is disordered in water, but forms one helix with DPC and three additional helices with SDS micelles. Significance: Interaction with a membrane-like surface induces local structure in Hsp12.
Hsp12 (heat shock protein 12) belongs to the small heat shock protein family, partially characterized as a stress response, stationary phase entry, late embryonic abundantlike protein located at the plasma membrane to protect membrane from desiccation. Here, we report the structural characterization of Hsp12 by NMR and biophysical techniques. The protein was labeled uniformly with nitrogen-15 and carbon-13 so that its conformation could be determined in detail both in aqueous solution and in two membrane-mimetic environments, SDS and dodecylphosphocholine (DPC) micelles. Secondary structural elements determined from assigned chemical shifts indicated that Hsp12 is dynamically disordered in aqueous solution, whereas it gains four helical stretches in the presence of SDS micelles and a single helix in presence of DPC. These conclusions were reinforced by circular dichroism spectra of the protein in all three environments. The lack of long range interactions in NOESY spectra indicated that the helices present in SDS micelles do not pack together. R 1 and R 2 , relaxation and heteronuclear NOE measurements showed that the protein is disordered in aqueous solution but becomes more ordered in presence of detergent micelles. NMR spectra collected in presence of paramagnetic spin relaxation agents (5DSA, 16DSA, and Gd(DTPA-BMA)) indicated that the amphipathic ␣-helices of Hsp12 in SDS micelles lie on the membrane surface. These observations are in agreement with studies suggesting that Hsp12 functions to protect the membrane from desiccation.
Heat shock protein 12 (Hsp12), 2 a 109-residue protein (12 kDa) encoded by gene HSP12 in Saccharomyces cerevisiae (UniprotKB ID: P22943/HSP12_YEAST), belongs to Pfam family PF04119, which currently contains 74 members with unknown three-dimensional structure. Hsp12 is part of a group of small heat shock proteins (Hsp) that function as chaperone proteins and are ubiquitously involved in nascent protein folding, typically by protecting proteins from misfolding (1) (2) (3) (4) (5) . The transcriptionally regulated gene expression of Hsp proteins increases when the cells are exposed to extreme environments, such as high and low temperature or other stress (6) . Accordingly, Hsp12 is produced by cells in early stationary phase and can be massively induced by oxidative or osmotic stress or by exposing cells to low or high temperatures or to high concentrations of sugar or ethanol (7, 8) . Hsp12 has been characterized as a late embryonic abundant-like protein on the basis of its high content of hydrophilic amino acids, high solubility at very high temperatures (80°C), and induction by osmotic shock (9 -11) . It has been shown that the Hsp12 gene is activated by the high osmolarity glycerol pathways and negatively regulated by protein kinase A (PKA) (12) . Mutational studies suggest that Hsp12 is essential to the formation of a biofilm by the Sardinian wine strain of yeast (13) , which contributes to the tolerance of this yeast strain to freezing and high alcohol concentrations (14) .
Trehalose is a disaccharide carbohydrate known to play an important role in protecting the cell membrane from dehydration. Trehalose replaces bound water in the membrane and stabilizes the intracellular water structure to preserve the structure and functional integrity of the plasma membrane (15) (16) (17) (18) .
Accumulation of high levels of trehalose and Hsp12 induction in both stressed and stationary phase cells have been implicated in the protective response to heat, cold, high concentration of alcohol, or desiccation. Because both trehalose synthesis and Hsp12 induction are increased by exposing the cells to the same extreme conditions, it has been suggested that they function synergistically. In fact, deletion of the Hsp12 gene results in the accumulation of increased levels of trehalose to maintain intracellular hydration (19) .
We report results from solution nuclear magnetic resonance (NMR) spectroscopy, paramagnetic spin relaxation experiments, and circular dichroism (CD) spectroscopy that provide detailed information on the conformational state of Hsp12 in aqueous solution and in a membrane-mimetic environments. In aqueous solution, Hsp12 is dynamically disordered, whereas it forms one helix in the presence of DPC micelles and four helices in the presence of SDS that lie on the surface of the micelle. Another group that carried out more qualitative NMR investigations of Hsp12 in aqueous solution and in the presence of SDS micelles also reported ordering of the protein in the membrane-type environment (20) .
EXPERIMENTAL PROCEDURES
Protein Production and Sample Preparation-We expressed the Hsp12 gene from yeast and purified the protein product by the pipeline protocol developed by the Center for Eukaryotic Structural Genomics (21) . Briefly, we produced protein samples containing a cleavable N-terminal His 6 tag in Escherichia coli cells grown in media supplemented either with 15 NH 4 Cl, for uniform labeling with nitrogen-15, or with 15 NH 4 Cl and 13 C-glucose, for uniform labeling with both nitrogen-15 and carbon-13. We isolated protein samples by two-step immobilized metal ion affinity chromatography and added tobacco etch virus protease to cleave the purification tag, which we separated from the Hsp12 protein by gel filtration chromatography. The molecular masses of the purified 15 N-labeled and 15 N, 13 C-labeled proteins were determined at the University of Wisconsin-Madison Biotechnology Center by electrospray ionization mass spectrometry on an Applied Biosystems 3200 Q Trap LC/MS/MS system and by matrix-assisted laser desorption/ionization on an Applied Biosystems 4800 MALDI TOF/ TOF. Protein identification was carried out by tryptic proteolysis and molecular weight assignment of the generated peptides by using an Agilent 1100 series nanoLC/MSD Trap SL.
We used three paramagnetic spin labels, 5DSA (5-doxyl steric acid free radical), 16DSA (16-doxyl steric acid free radical), and Gd(DTPA-BMA), to identify the interaction between the detergent and the protein. 5DSA and 16DSA were purchased from Sigma-Aldrich, and Gd(DTPA-BMA) was purchased from GE Healthcare, which markets it under the trade name Omniscan TM . Because of their poor aqueous solubility, we dissolved 5DSA and 16DSA separately in methanol and dried the samples overnight under vacuum. To each of these samples (10 mM final spin label concentration) we added 0.2 mM [U- 15 N]Hsp12 in the presence of 200 mM SDS and incubated the solutions overnight at 40°C. We added a solution of 
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Gd(DTPA-BMA) directly to yield a sample consisting of 10 mM spin label, 0.2 mM [U-
15 N]Hsp12, and 200 mM SDS. NMR Spectroscopy-We recorded all NMR spectra at the National Magnetic Resonance Facility at Madison on Varian VNMRS (600 MHz and 900 MHz) spectrometers equipped with triple-resonance cryogenic probes. The temperature of the sample was regulated at 25°C for Hsp12 in aqueous solution and 40°C for Hsp12 in the presence of 200 mM SDS (Hsp12_SDS) or 200 mM DPC (Hsp12_DPC). We collected a series of two-and three-dimensional NMR spectra (22) (23) and analyzed using the program XEASY (24). Two-dimensional 1 H-15 N HSQC and three-dimensional HNCO datasets were used to identify the number of spin systems, and these identifications plus three-dimensional HNCACB and three-dimensional CBCA(CO)NH datasets were used as input to the PINE server (25) to determine sequence specific backbone resonance assignments. In addition, backbone resonance assignments were confirmed on the basis of 15 15 N, 13 C ␣ , 13 C ␤ , and 13 CЈ chemical shifts and CYANA software version 3.0 (29) for automated NOESY peak assignments and structure calculations. We used MOLMOL (30) and PyMOL (31) software to calculate the root mean square deviation (r.m.s.d.) and for graphical analysis. We used the PSVS server (32) to check structure quality.
RESULTS AND DISCUSSION
Resonance Assignments and Secondary Structure of Hsp12-The 15 N HSQC spectrum of Hsp12 (Fig. 1A) is characterized by peaks with uniform line width and signal intensity indicating that the protein was suitable for NMR study. However, the poor resonance dispersion in the 1 H dimension implied that the protein is natively disordered, which was further confirmed by circular dichroism (Fig. 2) , heteronuclear 1 H-15 N NOE experiments (see Fig. 5 ), and the lack of long range interactions in 1 H-1 H NOESY spectra. Traditional triple-resonance datasets were collected to make full sequence-specific backbone resonance assignment for the protein. Comparison of secondary 13 C ␣ chemical shifts with random coil shifts further confirmed that the protein backbone is intrinsically disordered (Fig. 3) . Accordingly, the TALOSϩ program failed to predict any secondary structural elements. The assigned backbone and CB chemical shifts are available from BioMagResBank under accession code 17483. Resonance Assignments and Secondary Structure of Hsp12_SDS and Hsp12_DPC-We collected a series of 15 N HSQC spectra upon adding increasing amounts of SDS or DPC micelles. In both cases, the spectra showed large chemical shift differences indicative of conformational change. However, Hsp12 in presence of SDS micelles at 40°C (Fig. 1B) showed more uniform signal intensity and peak distribution than in the presence of DPC (Fig. 1C) . The induction of helix by added SDS was evident from CD spectra (Fig. 2) and was confirmed by 13 C ␣ secondary chemical shifts (Fig. 3B) . Analysis of assigned chem- Structure Determinations of Hsp12_SDS and Hsp12_DPC-We used advanced NMR techniques in attempting to solve the three-dimensional structure of Hsp12 in the presence of detergent micelles. In the presence of SDS, a total of 1126 distance constraints and 124 dihedral angle constraints derived from TALOSϩ (Table 1) were used as input for CYANA structural calculations. The results confirmed the presence of four helical regions, but the software failed to generate a global fold because of the absence of long range NOEs indicating interactions between the ␣-helices. The individual helices contained the characteristic NOE signatures of ␣-helices, and by using these constraints we were able to derive a high quality model for the secondary structure. Fig. 4 (Fig. 3) . The coordinates of the structural models are available from the Protein Data Bank under accession code of 2L9Q.
In the presence of DPC, Hsp12 gained a single helix that is similar to helix ␣IV (Asp 76 -Val 100 ). A total of 322 distance constraints and 52 dihedral angle constraints derived from TALOSϩ were used to generate helix ␣IV with the backbone r.m.s.d. of 0.31 Å (Fig. 4) . The secondary shifts from the CA carbons additionally support the presence of a single helix (Fig. 3C) . The coordinates of the structural models are available from the Protein Data Bank under the accession code 2LJL.
Backbone Dynamics of Hsp12, Hsp12_SDS, and Hsp12_DPC-Hsp12 in aqueous solution showed a uniform distribution of T 1 , T 2 values, indicating that the protein backbone has uniform mobility throughout the protein sequence. The short T 1 values (ϳ400 ms), comparable T 2 values (ϳ300 ms), and negative 15 N NOEs indicate that the protein backbone is highly dynamic (Fig. 5) . Much of this mobility was lost upon the addition of SDS micelles as shown by the longer T 1 values (ϳ600 ms), shorter T 2 values (ϳ100 ms), and positive 15 N NOEs (Fig. 5) . The T 1 , T 2 , and 15 N NOE values were uniform across the peptide sequence, apart from few N-and C-terminal residues and residues 65-75, which appear to form a loop. In HSP_DPC, positive 15 N NOE values for the residues 74 -100 (␣IV) additionally support the presence of single ␣-helix (Fig. 5) .
Paramagnetic Spin Relaxation Experiments-Spin relaxation agents provide tools for identifying membrane-associated and aqueous regions of proteins (33) . The strategy behind the use of the three different paramagnetic spin labels is represented pictorially in Fig. 6 . We compared 1 H-15 N HSQC signal intensities in spectra of Hsp12_SDS without and with spin labels. Loss of signal intensity resulting from Gd(DTPA-BMA) identified residues exposed to the solvent. Loss of signal intensity resulting from 5DSA or 16DSA indicated residues facing the SDS micelles. The glycine region of 1 H-15 N HSQC spectra (Fig. 7 
CONCLUSIONS
Our extensive structural characterization of Hsp12 by NMR, CD, and paramagnetic relaxation experiments show that Hsp12 is intrinsically disordered in aqueous solution but folds to generate four local ␣-helices in the presence of SDS micelles or one local ␣-helix in the presence of DPC. NMR-derived backbone relaxation parameters (T 1 , T 2 , and 15 N NOE) showed a significant difference between the disordered and folded protein. The effects of added paramagnetic spin labels to Hsp12 in the presence of SDS micelles are consistent with the view that the protein associates with the plasma membrane. A recent, more qualitative, NMR investigation of Hsp12 in the presence of SDS micelles also found that the detergent induced formation of four ␣-helices (20), but they did not extend their NMR study to other detergent micelles. BMA) . B, no shift reagent (control). C, lipid-soluble shift reagent, 10 mM 16DSA. Spectra were recorded at 40°C on a 900 MHz spectrometer equipped with a cryogenic probe.
